The introduction of light emitting diodes (LED) in automotive exterior lighting systems provides opportunities to develop viable alternatives to conventional communication and sensing technologies. Most of the advanced driver-assist and autonomous vehicle technologies are based on Radio Detection and Ranging (RADAR) or Light Detection and Ranging (LiDAR) systems that use radio frequency or laser signals, respectively. While reliable and real-time information on vehicle speeds is critical for traffic operations management and autonomous vehicles safety, RADAR or LiDAR systems have some deficiencies especially in curved road scenarios where the incidence angle is rapidly varying. In this paper, we propose a novel speed estimation system so-called the Visible Light Detection and Ranging (ViLDAR) that builds upon sensing visible light variation of the vehicle's headlamp. We determine the accuracy of the proposed speed estimator in straight and curved road scenarios. We further present how the algorithm design parameters and the channel noise level affect the speed estimation accuracy. For wide incidence angles, the simulation results show that the ViLDAR outperforms RADAR/LiDAR systems in both straight and curved road scenarios.
H. Abuella decreased by up to 28% for multi-vehicle and pedestrian crashes when the DRLs are used [1] [2] [3] . LEDs can be modulated at very high frequencies without any adverse effects on illumination level. Therefore, utilization of visible light communication (VLC) in the vehicle-to-X (V2X) communication to replace radio frequency (RF) based standards (i.e., 802.11p) has been already proposed in [4] [5] [6] [7] [8] [9] [10] . Another potential application of LED headlamps is visible light sensing (VLS) for speed estimation which will be the focus of this paper. Transportation agencies around the world measure vehicle speed for a number of reasons. Average speed is used to measure the quality of traffic operations and the reliability of travel time. The distribution of vehicle speeds is used to determine the traffic performance, examination of highway consistency and safety. Speed enforcement programs aim to lower the number and severity of traffic crashes. Therefore, transportation traffic professionals are always looking for technological advancements to enhance speed measurement systems.
RAdio Detection And Ranging (RADAR) system is a popular method for vehicle speed estimation [11] . Light Detection And Ranging (LiDAR) uses the same main principle of the RADAR but utilizes a different portion of the the electromagnetic spectrum). RADAR and LiDAR systems estimate the speed by detecting the change in frequency and travel time of the reflected signal. Conventional RADAR and/or LiDAR systems have various limitations and challenges that can have high impact on the reliability and accuracy of speed estimation. The beamwidth and angle-of-arrival are the most critical challenges [12] . Indeed, these systems require narrow beamwidth for accurate and reliable speed estimations. Furthermore, RADAR or LiDAR warning devices/systems are commercially available and can be easily acquired by drivers [13] . These devices (also known as speed gun or RADAR gun) detect the presence of RADAR/LiDAR and warn the driver to avoid traffic fines for speeding. More information about state-of-the-art RADARs and LiDARs' disadvantages and limitations is provided in [14] .
In this paper, we introduce a VLS based speed estimation system that uses received light power (intensity) variations of an approaching vehicle's headlamps. We termed the system as Visible Light Detection And Ranging (ViLDAR) 1 , where the visible light signal is transmitted by vehicle's headlamp. When the vehicle's headlamp light is in the ViLDAR's field of view (FOV) (corresponds to the beamwidth concept in a RADAR system), the angle of arrival (also referred to as irradiance angle) will have negligible impact on the estimation accuracy. To the best of our knowledge, the concept of utilizing headlamps' visible light signal intensity for vehicle speed estimation has not been discussed in the literature previously. 2 The main contributions of this study are given as follows:
r A VLS-based detection and ranging system using vehicle's headlamp is presented. r The ViLDAR system performance is simulated based on channel coefficients generated from an advanced ray tracing tool to mimic the realistic and physical-based visible light channel models.
r The performance of ViLDAR system in both curved and straight road scenarios is investigated and compared with theoretical performance of RADAR system in ideal environment conditions. The expected advantages of the ViLDAR system are summarized as follows: 3 r It is a low-power ranging and detection system that reflects on good battery efficiency.
r It has less noise and path loss compared to two-way model of RADAR/LIDAR. r In comparison to RADAR/LIDAR, it performs better in a large incident angles and in scenarios where the incident angle is varying fast, i.e., curved road scenarios.
r Size and weight of ViLDAR system will be smaller and lighter than current handheld law enforcement RADAR guns.
r Unlike RADAR guns, the ViLDAR system cannot be detected by drivers when used by law enforcement officers. 2 Preliminary results of this study are presented in [15] , where only a straight road scenario (without any realistic channel modeling) is considered. 3 It is worth to mention that these comparisons (including Table II ) have been inferred based on the common knowledge and previous studies in the areas of visible light and RF based systems to give reader a general overview of capabilities of these ranging and detection technologies. Real implementation of the proposed the ViLDAR system and extensive comparisons with RF-based systems would provide more valuable comparison results. The comparison will depend on many parameters including used hardware, range, power level, environment, etc.
r Since ViLDAR uses the visible light, it is not affected by RF interference and does not cause any interference to other RF systems. The rest of the paper is organized as follows. First, we present the system model in Section II. Channel models under considerations are discussed in Section III. The speed estimation methods for straight and curved road scenarios are discussed in Section IV. The numerical and simulation results are presented in Section V. Next, remarks and discussions are presented in Section VI, while conclusions are drawn in Section VII.
II. SYSTEM MODEL
Both straight and curved road system model scenarios are illustrated in Fig. 1 . In Fig. 1 .a, θ and d are the incidence angle and the lateral distance between the vehicle and the photodetector (PD), respectively. Likewise, R i and D i are the varying longitudinal distance and the actual distance between the vehicle and the PD at time t i , respectively. For simplicity, we will refer to longitudinal distance (R) as range and actual distance between the vehicle and PD (D) as distance in the rest of the paper. In addition, the subscript i indicates the value of corresponding parameter at time instance t i .
In Fig. 1 .b, r c is the curvature radius of the road, β is the angle that is changing with respect to the angular velocity of the car w = V r c and V is the vehicle speed. In this scenario, both the horizontal distance from ViLDAR to vehicle d c and vertical distance R change with respect to β. In addition, d st and R st are the horizontal and vertical distances between ViLDAR and the end of the curved road, respectively.
We assume that the vehicle moves with constant velocity. It is further assumed that vehicle's LED transmits a constant power (luminance) and only a single 4 vehicle approaches to the PD in the duration of measurements in the lane of interest, i.e., only a single lane is considered. Also, the distance between the two headlamps in the vehicle is small, hence it is assumed that vehicle has one transmitter (light source).
The PD analog signal (measurements) is sampled with a certain sampling time at the processing unit. As the vehicle approaches to the PD, the received signal power increases. Given the visible light channel model, the vehicle's speed is obtained by estimating the rate of change of the received signal over time.
III. CHANNEL MODELING
In this section, we explore two path loss models for ViLDAR system under consideration. As a hypothetical case, we first consider Lambertian channel model. Then, we adopt ray-tracing approach [16] to propose more realistic channel model taking into account several practical constraints such as the asymmetrical pattern of headlamp, reflections from road surfaces and weather conditions.
A. Related Work on Visible Light Channel Modeling
Despite the increasing attention on VLC for indoor communications [17] , [18] , some sporadic efforts have addressed its applications in vehicular networking [19] [20] [21] and positioning (ranging) [22] . 5 Infrastructure-to-vehicle (I2V) VLC (i.e., communication between traffic light and vehicle) [23] , [24] builds upon the the line-of-sight (LOS) channel model which is applicable for the indoor VLC with Lambertian LED lighting. However, this model is not applicable for vehicular communication through low-beam/high-beam headlamps with asymmetrical intensity pattern. In [9] , to overcome this challenge, a modified Lambertian channel model, so-called piece-wise Lambertian channel model, was introduced to capture the asymmetrical signal intensity pattern of a scooter taillight. In addition, measured intensity patterns were also employed in [25] [26] [27] to capture the asymmetrical pattern of automotive headlights in vehicle-to-vehicle (V2V) visible light channel modeling.
The road surface reflections can affect the performance of vehicular VLC system. This depends on the nature and physical state of the road. In [25] , Lee et al. obtained channel impulse responses for V2V, I2 V and vehicle-to-infrastructure (V2I) configurations through Monte Carlo ray tracing assuming a road surface with fixed reflectance value. In [26] , [27] , Luo et al. proposed an analytical V2V VLC channel model based on the measurements from vehicle's headlamp patterns assuming both wet and dry road surfaces. In [16] , Elamassie et al. presented a comprehensive channel modeling and characterization study to quantify the effect of weather conditions (i.e., rain and fog) on a V2V VLC with a high-beam headlamp transmitter. The path loss models for different weather conditions were also proposed in [16] .
B. Lambertian Channel Model
In this model, the relationship between power and distance is given by [28] 
where P t is the transmitter power and A R is the optical PD size. φ(t) and θ(t) are irradiance and incidence angles at time t, respectively. γ represents the channel path loss exponent, which depends on many effects including environments conditions (e.g., reflection level of road surface), utilized hardware (e.g., headlamp pattern, lenses), and weather conditions (e.g., absorption and scattering levels) [29] . Ray tracing tool is used in next section to obtain realistic values of γ. In addition, φ 1/2 is the semi-angle at half-power of the LED, and n is the order of the Lambertian model and is given by
Assuming same heights for both transmitter and receiver, we have
where 0 < θ(t) < φ 1/2 . Using (3), (1) can be further simplified as
Finally, in order to derive P r (t) in terms of D(t), we further simplify (4) by defining a constant as
Using the fact that cos(θ) =
, the resulting expression yields
C. Simulated Channel Model
We use non-sequential ray tracing tools of Zemax as in [16] . We first construct the simulation platform of the outdoor environment integrating the CAD models of building, vehicles and any other objects within. We further specify the type of object surface materials (coating) and the types of reflections, i.e., purely diffuse, specular and mixed reflections. The specific type of reflection is defined by scatter fraction parameter. We use Mie scattering to model clear weather [30] . With the "Bulk scatter" method in the software, the particle refractive index, the particle radius and the particle density can be defined.
After the simulation environment is defined, we use the builtin ray tracing feature to obtain the channel impulse response (CIR). This generates an output file including the detected power and path lengths from headlight to PD for each received ray. Once these data are imported to MATLAB, we can express the CIR as
where the ith ray's power is represented by P i , and τ i stands for the ith ray's propagation time. The number of rays received at the PD represented by N r , and δ(t) is the Dirac delta function. The received optical power is given as P r (t) = P t − P L where P t is the transmit optical power and P L is expressed as [31] 
In the simulated channel model (similar to the RF path loss model [29] ), the power-distance relation can be given by
where P r (t) represents the received power 6 from the target vehicle at time t. The constant K stands for the transmitted power and all the gains. The channel path loss exponent (environment dependent) is represented by γ. The distance between the target vehicle and the ViLDAR (PD) at time t is given by D(t).
We consider a scenario shown in Fig. 2 . We assume that coating materials of buildings, traffic light poles and street lamp poles are respectively concrete, aluminum metal and galvanized steel metal. The coating material of cars is considered as black and olive green gloss paint. The road type is assumed as R3 with the coating material of asphalt [32] .
Philips Luxeon Rebel LED (white) is used for the low-beam headlight with the spatial distribution presented in Fig. 3 Fig. 3 .a The transmitter headlight with total power of 1 W is considered for the vehicle and the PD with 1 cm 2 area and FOV of 70 • is placed on the sidewalk (see Fig. 2 
.b).
We assume that the vehicle moves toward the PD. The CIRs with 1 meter spacing over the driving direction of the car up to 10 meters are obtained. In an effort to obtain K and γ values in (9), curve fitting (i.e., based on the maximization of R-squared) is applied on simulated path loss in (8) . The related coefficients (4) and simulated channel model (9) that received power (i.e., path loss) will be zero when the distance (range) between the transmitter and receiver is zero.)
K dB and γ are presented in Table I . The Lambertian channel model is also included as a benchmark (i.e., hypothetical case). The path loss versus distance for different channel models is demonstrated in Fig. 4 . It is revealed from Fig. 4 that the path loss obtained with Lambertian channel model is an underestimation with respect to the simulated channel model. This is a result of the fact that in the simulated channel model more reflected rays from the road surface are received.
In Fig. 5 , Lambertian and simulated channel models are compared. We use the same values for the parameters in both channel models for illustrative purposes. For instance, the constant C in (5) equals to constant K in (9) and with the same γ for path loss exponent. 7 They are environment dependent. Note that different values can be used as well. In order to show the impact of noise level, different initial signal-to-noise-ratios (SNR o ) are used in the simulations (20 dB and 30 dB).
ViLDAR takes measurements initially at time 0 and continues to take new measurements as the vehicle advances to the PD. As predicted, as the distance between the vehicle and the PD decreases, the received signal power increases. Moreover, higher speed estimation accuracy is obtained in the region labeled as the "reliable region of operation" in Fig. 5 , i.e., low impact of noise on the system performance. Nonetheless, the estimation can be performed at any time or distance. One can observe from Fig. 5 that the simulated channel model (9) nicely represents the channel (for the range greater than a certain distance) as compared to Lambertian model (4), while it is not the case for a near-range scenario. Therefore, it is inherently expected to have higher speed estimation accuracy when using the simulated channel model in "reliable region of operation".
IV. SPEED ESTIMATION
In this section, the speed estimation algorithms by using the channel models presented in preceding section for two different road scenarios are presented.
A. Estimation in Straight Road Scenario
First, we consider the simulated channel model presented in (9) . Under the assumption of constant speed during the estimation period, one can express D(t) in terms of time and speed as
where the initial range between the ViLDAR and the vehicle is given by R o . Plugging (10) into (9) yields
Rearranging (11) results in linear model (y
where y represents n-samples vector of ( P r (t) K ) − 2 γ − d 2 , and x = −t. Then, it can be expressed in vector-domain as
where 1 is a vector of 1's with size (n, 1). For b = [V, R o ] T with size (2,1) and A = [x, 1] with size (n, 2), one can have
We can estimate V and R o by using the least square (LS) inverse formula as 7 Both K dB and γ values are estimated using a ray tracing simulation explained in Section III.
On the other hand, estimating the speed when using the Lambertian channel model is as follows. First, we update the LS model using the Lambertian channel model as:
During measurement time, cos(θ(t)) = 1, the expression in (17) reduces to (9) . To obtain the speed, a similar methodology is followed as in (10)- (15) . To minimize redundancy, we are not going to repeat the same derivation. However, the main difference is the constant parameter K. Hence, the same formula in (15) is applied to estimate the speed in case of using the Lambertian channel model.
B. Estimation in Curved Road Scenario
As shown in Fig. 1 .b, the curved road scenario has different setup and parameters than straight road scenario. Hence, we use a different method to estimate the speed.
First, we estimate the β angle for each sample received power using minimum square error (MSE). Then, we use the linear LS estimation method to estimate the angular velocity. Then, we replace all the variables in (17) in terms of β.
Assuming R st and d st are zero, i.e., the ViLDAR is at the end of the curvature of the road. Using some basic trigonometry identities we have
Substituting R and d c , we have:
which can be further expressed as,
Given that cos(θ) = R D , then we have,
Substituting D(t) with 2r c sin(β/2) and cos(θ(t)) with cos(β/2), where β is also changing with time, we get P r (β) = K (cos(β/2)) n+1 (2r c sin(β/2)) γ .
To estimate the β(t) for each measurement of P r (t), we minimize the cost function g(β) where we define g(β) as g(β) = (P r,sim − P r (β)) 2 .
Substituting P r (β) in (24), we get
The next step is to estimate the angular velocity (w) given that β = β o − wt. We estimate w and β o by using the linear LS equation used in (15) for the straight road case. Once angular velocity is estimated, it is straightforward to find the vehicle speed given the radius of curvature (r c ) by using V = wr c , where V is the vehicle speed. 8 
V. SIMULATION RESULTS
In this section, we present the numerical and the simulation results to validate the performance of the ViLDAR system and investigate the effect of different system parameters on the speed estimation accuracy.
A. Straight Road Scenario
Initially, since the vehicle is far from the PD, the range and distance are nearly equal, i.e., the angle of incidence (θ) is less than 5 • (which is a very small value).
The following parameters are used in simulating linear LS speed estimation algorithm given by (15): r Estimation duration (Δt est ) is 0.3 s unless otherwise stated (duration during which the PD is taking measurements from the approaching vehicle for the speed estimation process).
r The lateral distance between the vehicle and the ViLDAR r The ViLDAR takes a new measurement every 1 ms. r The channel path loss exponent (γ) and channel gain (K dB ) are respectively 1.21 and −49.32 dB as found for simulated channel model. In Fig. 6 , it is shown how the the incidence angle (θ(t)) and distance (R(t)) varies as the vehicle approaches the PD. As predicted, the range decreases and θ(t) increases as the vehicle advances toward the ViLDAR. In Fig. 7 , the speed estimation accuracy comparison between ViLDAR and the theoretical limit of the RADAR/LiDAR (see [12] , [33] ) is presented. As it can be observed, the proposed ViLDAR system performs better for a wider range of incidence angles, i.e., higher than 90% estimation accuracy is obtained for more than 80% of incidence angle range. There are two major factors that lead to this improvement in the estimation accuracy compared to the RADAR/LiDAR systems. First, ViLDAR have less dependency on the incidence angle. Second, the signal model in the ViLDAR system in one-way, where the signal transmission is less affected by noise and path loss that will lead to improvement of the speed estimation accuracy. Furthermore, it is evident that increasing the the estimation duration (number of samples used in the estimation algorithm) will improve the estimation accuracy for various incidence angles.
It is worth to note that because of the simulated channel model does not represent the channel well in the near-region, the performance evaluations (e.g., Figs. 7, 8, 9, 10, and 11) are not conducted for the near-region, i.e., the incidence angle range is from 0 to around 75 degrees, hence in the "reliable region of operation".
The impact of the different SNR levels on the ViLDAR's performance is studied through simulations. As the SNR decreases, the speed estimation accuracy degrades, especially when the vehicle is far from the PD. The ViLDAR performance improves as the vehicle approaches the PD. To observe the impact of SNR levels (i.e., received power), we have provided Fig. 8 , in which different SNR values are used at the initial point of measurements. As expected, even at low incidence angles, performance degradation is observed due to low SNR level (e.g., 15 dB.) To further validate the performance of the ViLDAR, we provided the estimation accuracy for different speed levels and estimation duration in Fig. 9 . As one can observe from Fig. 9 that the estimation algorithm works in a robust manner at different speed levels, while the estimation duration can have impact on the performance. Moreover, as the speed of the vehicle decreases, ViLDAR needs more estimations duration (i.e., samples) to keep the same speed estimation accuracy. Finally, in Fig. 10 , the impact of semi-half power angle (φ 1/2 ) on performance is given. As expected, higher values of angles improve estimation accuracy. These results indicate that the performance of the system is dependent on the incident angle, number of samples used in the estimation and the noise level (accuracy) of the received power.
In Fig. 11 , we present the effect of the different channel models (simulated and Lambertian) and estimation time on the speed estimation accuracy. The performance is impacted more in simulated channel model since its channel gain (K dB ) is less than that one in Lambertian channel model.
B. Curved Road Scenario
Initially, the vehicle is at the beginning of the curved road as shown in Fig. 1.b . The following parameters are used in the simulations: are respectively 1.21 and −49.32 dB. In Fig. 12 , the change in the incidence angle (θ(t)), range (R(t)) and vertical distance (d c (t)) with simulation time is non-linear unlike the case of straight road scenario. As the time passes, the distance between the vehicle and the ViLDAR decreases, i.e., the R(t) and d c (t) decrease. While θ(t) decreases initially, then at a certain point it increases exponentially until it reaches almost π/2 due to the road curvature.
Speed estimation accuracy is impacted by SNR levels (i.e., received power) at the initial point of measurements (see Fig. 14) and estimation duration (see Fig. 13 ). Notice that low performance of estimation accuracy for the initial SNR value of 30 dB in Fig. 14 is attributed to the high noise level. Moreover, as the estimation duration (Δt est ) increases the speed estimation accuracy improves, which can be related to benefit of having higher number of samples in estimation process. In addition, Fig. 13 presents the gain in estimation accuracy of the ViLDAR system compared to the theoretical error limit of the RADAR and LiDAR systems in curved road scenario (see (28) in Appendix).
VI. REMARKS AND DISCUSSION
In this section, based on our simulations and discussions given in [34] , [35] , we first provide a comparison between ViLDAR Table 11 II. Then, we present some additional discussions on practical implementation aspects.
As shown in Table II , the ViLDAR can be more flexible in terms of the angle of incidence and beamwidth while providing reliable estimation accuracy. Considering ViLDAR needs only a single PD as in [5] and [36] , it is expected that ViLDAR will be much smaller in size. In comparison to the RADAR gun, the system is required to have the basic components of an RF transceiver system, i.e., transmitter, receiver and an antenna which will vary depending on the operating frequency. Moreover, given the fact that the ViLDAR works with a one-way signaling system, it cannot be detected by malicious drivers (who want to locate speed monitoring systems along the road side). In addition, due to physical properties of light waves, the maximum distance that ViLDAR can reliably operate will be smaller than RADAR systems. Additional advantages and features of the ViLDAR 12 system shared with VLC and VLS systems in general can be given as; immunity from Electromagnetic interference (EMI), using unlicensed bands and low power consumption as discussed in [34] . 11 It is worth to mention that the comparison table is provided to give a general overview of visible light technology and its position as compared to the state of the art ranging and detection technologies. 12 Other potential applications of ViLDAR idea include (1) vehicle to vehicle detection/ranging for collision avoidance, and (2) vehicle to infrastructure detection/ranging by using reflected light from infrastructure. These applications could successfully be achieved with proper a system setup and selection of utilized hardware based on required range of detection and consideration of environment conditions. As one can observe from the performance evaluations, SNR level will be a key factor impacting the performance. Therefore, SNR improvements will be very critical for successful implementation of ViLDAR system. Potential approaches to improve SNR can be given as follows:
r Using additional hardware such lenses and filters to improve the SNR. 13 r Using multiple receivers and combining techniques such as equal gain combining, maximal ratio combing, etc.
r Modifying the detection scheme such that the transmitter (vehicle headlamp) sends a signal with certain pattern (e.g., sinusoidal) that can be combined using a mixer at the receiver to improve the SNR (i.e., using coherent detection instead of direct intensity-based detection). In the following, we discuss some of our underlying assumptions in the proposed system model and their potential implications on practical implementation. r Number of Emitters: Only one emitter is assumed to provide a mathematically tractable analysis, while having a valid and applicable model. To further clarify, note that the speed information is extracted from the received powers rate of change (i.e., the distances rate of change by using system and channel parameters). Given that both emitters 1) operate on the same spectrum, 2) travel with the same speed, and 3) have short length between them (<2 m), inclusion of a second emitter is expected to impact mainly the channel parameter (path loss exponent), i.e., the received power for a given certain distance would change in case of one-or two-emitter.
r Number of Vehicles: Similar to the state of the art RFbased speed estimation systems (RADARs), the performance will be impacted in case of multiple vehicles. In such cases, the FOV of a PD can be adjusted (narrowed) by additional hardware components (e.g., optical lenses) such that the PD can only focus on a certain part of the lane of interest. This will mitigate the interference from vehicles in close proximity, while the interference from vehicles in far distances expected to have negligible impact on the received power, i.e., close to noise level. In addition, if the interfering vehicle has the same speed as the vehicle of interest, the speed estimation would not be impacted due to reasons stated in preceding item. However, if they have different speeds, the interference can be filtered by using signal processing algorithms (e.g., Kalman/Particle filtering). 14 r Transmit Power: Throughout the analysis/simulations the authors aim to provide the governing idea of the work, which is the speed detection using visible light. In the real outdoor setting, this assumption needs to be addressed. As a solution, the calibration process through machine-learning algorithms can be employed to estimate the channel model parameters adaptively.
r Constant Velocity: The velocity is assumed to be constant for the distance at which the measurements are taken. Such 13 Note that photodetector position is expected to play important role on SNR improvement. 14 Higher sampling rate might be needed in real-life implementation.
distance depends on the vehicles speed. For example, in our simulations ( Fig. 9 ), if the vehicle travels at speed of 144 km/hr, 0.15 seconds is needed for the speed estimation process, i.e., D = 144 × (1000/3600) × 0.15 = 6 m. Same distance (6 m) can be obtained in case of vehicles speed is 36 km/hr with the estimation duration of 0.6 seconds. Considering the estimation time needed and mechanical capabilities of regular vehicles, we believe that this constant speed assumption is reasonable. It is worth to mention that the main criteria for implementation would be the number of samples collected within a given time, which would depends on the hardware specifications.
r Light Noise (interference): In a real implementation,
given that the rate of change of dominant light source is of interest, the rest of light noise (interference) in the environment could be filtered out by utilizing signal processing tools including machine learning classification tools to detect and filter anomalies in the received data.
VII. CONCLUSION
In this paper, a visible light sensing based speed estimation system, termed as ViLDAR, was proposed. Given the fact that the received power increases as the vehicle approaches the PD, the ViLDAR utilize linear LS method to estimate the slope of the received power with respect to time (i.e., speed). We have evaluated the performance of the proposed ViLDAR system in different road scenarios. Our results showed that using the received light intensity of vehicle's headlamp, one can estimate the vehicle's speed with accuracy of more than 90% for a wider range of incidence angle (up to 70-80% of the simulation's time). Comparison of results obtained for ViLDAR and RADAR also reveals that RADAR detectors poorly perform in fast incidence angle changing scenarios while promising performance can be observed for the ViLDAR system. The impact of different system parameters on speed estimation accuracy of the ViLDAR system were further investigated. It is observed that the half viewing angle of vehicle's headlamp is of crucial importance for the speed estimation accuracy. Last but not least, the main objective of this study is to demonstrate the feasibility of ViL-DAR concept which builds upon sensing visible light variation of the vehicle's headlamp. We believe that there will be many challenges in real life scenarios (such as position, angle, size of photodetector, road conditions, weather conditions, etc.) and more research will be needed to address these challenges.
APPENDIX
In this section, the principles of RADAR/LiDAR and the factors affecting the performance of the system and the estimation accuracy are presented.
A. Principles
The theory of operation of the RADAR/LiDAR systems is to estimate the frequency and time difference (variation) between the transmitted and received (reflected) signal. While LiDAR systems utilize laser (light) bands, RADAR systems use RF signals. Commonly, RADAR systems are used in speed estimation in traffic control and regulations. Although, there are numerous studies that discuss how to improve detection and estimation accuracy of RADARs [38] , there are still many limitations that impact and affect the estimation accuracy of these systems. One of the most important limitations is the LOS and narrow beamwidth requirements (i.e., the angle between the device and the target) on the RADAR performance and estimation accuracy. We present a brief discussion about this challenge in the next section. Thus, the reliability of the RADAR systems and accuracy of its speed estimation is constrained by a distance, angle (cosine effect) and availability of LOS [12] , [39] .
B. Cosine Effect
As discussed previously, RF-and laser-based speed detectors experience issues at high angle-of-arrival scenarios. The relation below show the relation between the measured speed (V m ) and the actual speed (V a ) for different incident angles (angle-ofarrival), and is given as [12] , [33] :
where θ represents the incident angle (as shown in Fig. 1.a) . Moreover, for the case of curved road scenarios [33] , the relation can be expressed as:
where β and r c are the angle and the radius of the curved-road, respectively. In curved road scenario, the angle (θ) is varying fast that prevents the RF-and laser-based systems to estimate vehicle speed accurately [12] .
The phenomenon discussed by the previous equations is called the Cosine Effect. In other words, when the vehicle is approaching the detector (RADAR or LiDAR), the measured and actual speed be the same with θ = 0 • . In practical curved road scenario, the vehicle does not approach the detector directly. Therefore, speed estimation obtained from the RADAR/LiDAR is different than the actual speed of the vehicle. The cosine of the angle between the direction of motion of the vehicle and the detector is used to find the measured and the actual speed. The estimation error will increase as the angle increases, i.e., when the vehicle approaches the detector, the system gives less accurate results.
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